INTRODUCTION
============

Heterogeneous ice nucleation (HIN) on surfaces exhibiting no structural resemblance to the crystal structure of ice is crucial in a variety of fields, e.g., cryopreservation of biological materials, ice formation in clouds caused by organic sea-spray aerosols, and construction of anti-icing surfaces ([@R1]--[@R9]). Although it has been recognized that interfacial water is crucial to HIN, a clear picture of how interfacial water relates to HIN has remained elusive ([@R10]--[@R18]). For example, some recent studies have shown that the extent of interfacial water layering plays an important role in HIN ([@R19], [@R20]), whereas others have argued that this layering effect is not a useful predictor of HIN ([@R11], [@R21], [@R22]), highlighting the complexity of the role of interfacial water on HIN ([@R10], [@R16], [@R23]--[@R25]). It is now widely accepted that interfacial water molecules can be subdivided into different sub-ensembles, although the terminology describing the different types of interfacial water varies. For example, interfacial water molecules have been subcategorized as "tightly bound," "bound," and "free" water according to their mobility probed by nuclear magnetic resonance (NMR) ([@R26], [@R27]). Similarly, combining thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), interfacial water molecules have been subdivided into "nonfreezable bound," "freezable bound," and "bulk" water based on their freezing behavior ([@R28], [@R29]). Note that the above mentioned "free" or "bulk" water molecules still interact with the solid surface and are distinctly different from real bulk water. In this study, we subcategorize interfacial water molecules as "tightly bound water," "bound water," and "bulk-like water" according to their interaction strength with the hydroxyl groups of the polyvinyl alcohol (PVA) film in a strong to weak order.

Many functionalities of surfaces can be directly correlated to a specific type of interfacial water molecules, e.g., the antifouling capability of a surface is related to tightly bound water ([@R30], [@R31]), enzymatic activity is strongly dependent on bound water ([@R32], [@R33]), and bulk-like water plays an important role in ion exchange ([@R34]). However, no investigation has been carried out to correlate the HIN efficiency of surfaces with a specific type of interfacial water ([@R26], [@R35]--[@R37]). Therefore, it is highly desirable to elucidate the precise role of tightly bound, bound, and bulk-like interfacial water on the HIN efficiency of a surface. In this work, we study the HIN efficiency of PVA films with controllable densities of hydroxyl groups, which can be achieved by annealing PVA films at an elevated temperature for different times. The uniqueness of PVA films is that the phase change of different types of interfacial water molecules can be accessed as PVA films have a specific thickness and contain adequate amount of interfacial water. We find that PVA surfaces with a lower hydroxyl density exhibit a higher efficiency of HIN. Further investigations with DSC and proton spin-spin relaxation time (*T*~2~) show that the HIN efficiency on PVA surfaces shows a strong dependence on the phase change of bulk-like water. Hence, we conclude that the phase change of bulk-like interfacial water is a good predictor of the HIN efficiency of PVA surfaces.

RESULTS
=======

Spin-coated ultrathin (\~13 nm) PVA films were treated by thermal annealing. During the thermal annealing, the hydroxyl groups within the PVA films participate in chemical changes such as unsaturation, chain scission, and crosslinking ([@R38]), leading to an increase of the cross-link density and a decrease in the density of hydroxyl groups (in [Fig. 1](#F1){ref-type="fig"}, A and B, and fig. S1). [Figure 1C](#F1){ref-type="fig"} shows the x-ray photoelectron spectroscopy (XPS) results, revealing that the intensity of O1s peaks of the PVA films decreases with increasing annealing time: The carbon/oxygen (C:O) ratio increases from 2.0 (the repeat unit of PVA is -CH~2~CHOH-) to 2.6, with the annealing time increased to 120 min ([Fig. 1D](#F1){ref-type="fig"}). Meanwhile, the C:O ratios in the bulk of the PVA films are the same as those on the surface of the PVA films (fig. S2). The density of the hydroxyl groups of the PVA films can be controllably tuned by changing the annealing time, which can also be verified by the increase of the static contact angle (figs. S3 and S4). Note that the PVA/water interface morphology as well as the thickness, roughness, pore size, viscoelasticity, and crystallinity of these PVA films remain almost unchanged when the annealing time was varied from 1 to 120 min, as shown in figs. S5 to S11.

![PVA films with various hydroxyl densities.\
(**A** and **B**) Schematic illustration shows that the density of hydroxyl groups of the PVA film decreases and crosslinking between PVA chains occurs during the thermal annealing at 150°C. (**C**) XPS spectra of PVA films (recorded in ultrahigh vacuum) in the O1s region as a function of annealing time reveal a gradual reduction in the O1s signal. (**D**) The ratio of the C1s to the O1s of XPS signals of the PVA films as a function of annealing time shows the decrease of the density of hydroxyl groups as the annealing time increases from 1 to 120 min (the line is to guide the eye).](aat9825-F1){#F1}

The ice nucleation efficiency of ultrathin PVA films was investigated by placing macroscopic water droplets (\~400 μm of diameter) atop the PVA films and then lowering the surface temperature. An optical microscope coupled with a high-speed camera was used to investigate HIN of water droplets on differently thermally annealed PVA surfaces. The ice nucleation is signified by the sudden change of the opacity of water droplets, as shown in [Fig. 2A](#F2){ref-type="fig"} and fig. S12. The water droplet atop the PVA film annealed for 1 min did not freeze until the temperature reached −28.1°C, as the temperature was lowered from room temperature (upper row images of [Fig. 2A](#F2){ref-type="fig"}) at a rate of 2.0°C/min. In contrast, the water droplet atop the PVA surface annealed for 60 min froze at −23.3°C (bottom row images of [Fig. 2A](#F2){ref-type="fig"}). As shown in [Fig. 2B](#F2){ref-type="fig"}, the nucleation temperatures of more than 200 independent freezing events on each PVA surface annealed for 1 and 60 min are presented. It is obvious that the annealing time of the PVA film has a profound effect on the HIN temperature (*T*~H~). The PVA surface annealed for 60 min exhibits a substantially higher average nucleation temperature than the one annealed for 1 min. The stability of the annealed PVA films during the HIN investigation was confirmed by atomic force microscopy (AFM) and quartz crystal microbalance with dissipation (QCM-D), as shown in figs. S8 and S13.

![Ice nucleation activity of PVA films with various hydroxyl densities.\
(**A**) In situ polarized optical microscopic observation of water droplet (2.0 μl) freezing on PVA surfaces annealed for 1 min (upper row) and 60 min (bottom row) at a cooling rate of 2.0°C/min. The letters "W" and "I" represent water and ice, respectively. Scale bar, 200 μm. (**B**) HIN temperature (*T*~H~) of more than 200 individual freezing events on PVA surfaces annealed for 1 and 60 min. Each data point corresponds to one individual measurement of *T*~H~. (**C**) *T*~H~ of water droplets on different annealed PVA surfaces and influence of the cooling rate on *T*~H~ (inset). Each data point of *T*~H~ is the mean of more than 200 independent freezing events. (**D**) Freezing delay time (*t*~D~) of water droplets on PVA surfaces annealed for 1, 30, and 60 min under different supercoolings.](aat9825-F2){#F2}

[Figure 2C](#F2){ref-type="fig"} shows the change of *T*~H~ with the annealing time, and it can be concluded that *T*~H~ on PVA surfaces first increases with the annealing time and then saturates as the annealing time exceeds 60 min, exhibiting a *T*~H~ window of 5.0°C. The effect of the cooling rate on HIN was also studied (inset of [Fig. 2C](#F2){ref-type="fig"}). When the cooling rate is larger than 2.0°C, it will affect *T*~H~ due to the heat transfer effect (fig. S14); however, under different cooling rates, *T*~H~ still follows the order of *T*~H,60min~ \> *T*~H,30min~ \> *T*~H,1min~. To consolidate the efficiency of annealed PVA films on tuning HIN, we further studied the corresponding nucleation delay time (*t*~D~) at different subzero temperatures. For the representative PVA samples with annealing times of 1, 30, and 60 min, PVA surfaces exhibit obviously distinct *t*~D~, as shown in [Fig. 2D](#F2){ref-type="fig"}. *T*~H~ on PVA films is independent of the molecular weight and the film thickness (from 13 nm to 20 μm) of PVA, as shown in fig. S15, indicating that, for the studied film thickness range, the effect of heating transfer on *T*~H~ is negligible. Moreover, the HIN efficiency on ultrathin PVA films with different degrees of hydrolysis (40 to 99%) was studied (fig. S16). As the density of PVA hydroxyl groups increases (the degree of hydrolysis increases from 40 to 99%), *T*~H~ decreases gradually from −21.4° ± 0.3°C to −28.0° ± 0.4°C, exhibiting a *T*~H~ window larger than 6.5°C. This finding confirms that PVA surfaces with a higher density of hydroxyl groups are more effective at depressing *T*~H~ of water.

Water molecules can penetrate into the PVA film. We compared *T*~H~ of water droplet on the surface and in the bulk of annealed PVA films, respectively, by observing the freezing of water droplets atop annealed PVA films before and after peeling off the top layer (fig. S17), which show nearly identical results. This prompted us to investigate the phase transition behavior of water molecules inside the PVA films of various annealing times. The freezing and melting behaviors of water molecules inside PVA films of various annealing times were obtained from DSC measurements. To avoid the influence of bulk water atop the surface of PVA films, the shell of PVA films was peeled off, leaving the core for the DSC investigation (film thickness of \~500 μm). As TGA detects all water molecules (including "nonfreezable water" and "freezable water") within the PVA films, while DSC measures only the freezable water within the PVA film, the difference in the number of water molecules measured by TGA and DSC is the nonfreezable water. The combined results of TGA and DSC reveal that there are nonfreezable water molecules in all PVA samples with different annealing times, as shown in fig. S18 and table S1. The nonfreezable water can be assigned to tightly bound water, in agreement with previous studies ([@R39], [@R40]). The total water content inside PVA films decreases from 44 to 26 weight % (wt %), with the annealing time increasing from 1 to 120 min (fig. S18). The decrease in the water content with the increase of the annealing time was also confirmed by investigation with Fourier transform infrared (FTIR) absorption spectroscopy (fig. S19). Note that the minimum number of water molecules every hydroxyl groups of PVA can constrain is 2 ([@R37]--[@R39]), which can be translated to a water content of 45 wt %. Therefore, all the water molecules inside PVA films investigated are interfacial water rather than free bulk water.

The DSC cooling curves are summarized in [Fig. 3A](#F3){ref-type="fig"}, and the exothermal peaks correspond to the freezing of water inside the PVA film. All the cooling curves exhibit two exothermic peaks: *T*~f,a~ (at larger supercooling) corresponding to freezing of bound water and *T*~f,b~ (at smaller supercooling) corresponding to bulk-like water ([@R39], [@R41]). *T*~f,a~ decreases from −34.9° to −66.7°C, and the corresponding melting temperature of the bound water (*T*~m,a~) decreases from −5.1° to −18.2°C as the annealing time increases from 1 to 120 min (see [Fig. 3C](#F3){ref-type="fig"} and table S1). As the annealing time increases, the size of the formed ice crystals of the bound water may become smaller due to the effects of confinement of the PVA network. The depression of *T*~f,a~ and *T*~m,a~ likely stems from the size reduction of ice crystals ([@R42]--[@R44]). In contrast, *T*~f,b~ increases from −26.8° to −19.8°C and then remains constant as the annealing time exceeds 60 min (see [Fig. 3B](#F3){ref-type="fig"}). Note that the freezing behavior of the bulk-like water is almost the same as that of water droplets atop the PVA films ([@R39], [@R40], [@R45]). The very similar trends of *T*~f,b~ and *T*~H~ (see [Fig. 2C](#F2){ref-type="fig"}) indicate that HIN of water atop PVA surfaces is closely related to phase transition of the bulk-like water within the film. The melting temperatures of the bulk-like water (*T*~m,b~) are much higher than those of the bound water (*T*~m,a~) ([Fig. 3C](#F3){ref-type="fig"} and fig. S20). We further evaluated the relative fraction of the bulk-like water (*f*~b~) among all freezable interfacial water molecules from the DSC heating curves by integration and normalization of melting enthalpies (Δ*H*~m~)$$\mathit{f}_{b} = \frac{\mathit{W}_{m,b}}{\mathit{W}_{m,a} + \mathit{W}_{m,b}} = \frac{\Delta\mathit{H}_{m,b}}{\Delta\mathit{H}_{m,a} + \Delta\mathit{H}_{m,b}}$$where *W*~m~ is the weight of water and Δ*H*~m~ is the melting enthalpies (see [Fig. 3D](#F3){ref-type="fig"}, table S1, and Materials and Methods). The fraction of bulk-like water increases with increasing annealing time, although the total amount of interfacial water decreases, as shown in fig. S18. Note that the change of the fraction of bulk-like water with the annealing follows the same trend as that of the freezing of water droplets atop the PVA films. Both the freezing behavior and the change of the amount of interfacial water with the annealing time show that the bulk-like water correlates directly to the HIN efficiency of water atop PVA films, which can be tuned via controlling the density of the hydroxyl groups of the PVA.

![Phase change behaviors of different sub-ensembles of interfacial water molecules.\
(**A**) DSC of freezing water molecules inside PVA films with different annealing times (thickness of film, \~500 μm). (**B**) The freezing temperature of bulk-like water with different annealing times was measured from the onset points of the DSC peaks. (**C**) DSC of melting of water molecules inside PVA films of various annealing times. (**D**) The relative fraction of the bulk-like water (*f*~b~) among freezable waters was calculated on the basis of the enthalpies released upon the melting of bound water and bulk-like water from DSC.](aat9825-F3){#F3}

To gain molecular-level insights into the correlation between the HIN efficiency and the bulk-like water, the mobility of water molecules inside PVA films of various annealing times was accessed by proton spin-spin relaxation time (*T*~2~) measurements of water, as shown in [Fig. 4](#F4){ref-type="fig"} and figs. S21 and S22 ([@R27], [@R46]--[@R48]). [Figure 4A](#F4){ref-type="fig"} shows the echo decay curves, which are fitted with a biexponential function of$$\mathit{E}_{t} = \mathit{f}_{2,a}\text{exp}( - \mathit{t}/\mathit{T}_{2,a}) + \mathit{f}_{2,b}\text{exp}( - \mathit{t}/\mathit{T}_{2,b}) + \mathit{E}_{0}$$which is based on the two component systems, i.e., the bound water protons (labeled "a") having a short relaxation time (*T*~2~) and the bulk-like water protons (labeled "b") having a long *T*~2~ ([@R48], [@R49]). The PVA hydroxyl protons and the tightly bound water protons are not included because these are undetectable by the NMR *T*~2~ relaxation measurement due to their extremely short *T*~2~ ([@R27]). Meanwhile, bulk water atop the PVA surface was removed by blotting of the samples to exclude the influence of bulk water.

![The mobility of different sub-ensembles of interfacial water molecules.\
(**A**) *T*~2~ decay curves of water fitted by a biexponential function for the PVA films annealed for 1, 30, and 60 min at 20°C; the inset shows the decay curve of bulk water fitted by one exponential function at 20°C. (**B**) Dependence of *T*~2,a~ and *T*~2,b~ on the annealing times at 20°C. (**C**) Plots of *T*~2,b~ against the temperature for the PVA films annealed for 1, 30, and 60 min. (**D**) Plots of lnτ~c,b~ against 1000/*T* for the PVA films annealed for 1, 30, and 60 min.](aat9825-F4){#F4}

In [Fig. 4B](#F4){ref-type="fig"}, *T*~2,a~ and *T*~2,b~ are both plotted against the annealing time. All values of *T*~2,a~ fluctuate around \~20 ms, showing almost no dependence on the annealing time, whereas the value of *T*~2,b~ increases substantially from 20 to 400 ms with increasing annealing time. Note that even the longest *T*~2,b~ of 400 ms with an annealing time of 120 min is much smaller than the *T*~2~ value of bulk water (\~3400 ms). Therefore, the water with *T*~2,b~ investigated here is affected by the hydroxyl groups of the PVA and is thus the bulk-like interfacial water. The dynamics of water can be represented by the correlation time for the motion of water (τ~c~) by using the Bloembergen Purcell and Pound equation as$$\frac{1}{\mathit{T}_{2,b}} = \frac{\mathit{C}}{2}\left( 3\tau_{c,b} + \frac{5\tau_{c,b}}{1 + \omega_{0}^{2}\tau_{c,b}^{2}} + \frac{2\tau_{c,b}}{1 + 4\omega_{0}^{2}\tau_{c,b}^{2}} \right)$$where *C* is a constant for water of 5.33 × 10^9^ s^−2^ and ω~0~ is the Larmor frequency ([@R50]). The larger the value of *T*~2,b~ (or the smaller the value of τ~c,b~) is, the faster the mobility of bulk-like interfacial water is ([@R27]). τ~c,b~ value decreases from 1.9 to 0.09 ns when the annealing time increases from 1 to 120 min, which indicates that the mobility of interfacial water molecules enhances as the density of hydroxyl groups of the PVA films decreases.

*T*~2,b~ of water with different annealing times is also plotted as a function of temperature, as shown in [Fig. 4C](#F4){ref-type="fig"}. The decrease in *T*~2,b~ as the temperature is lowered to −5°C is caused by the freezing of bulk-like interfacial water due to the long acquisition time needed to record *T*~2~. The temperature dependence of *T*~2,b~ further indicates that *T*~2,b~ represents the mobility of the bulk-like interfacial water, because the melting temperatures of bound water ensembles are all lower than −5°C (see [Fig. 4D](#F4){ref-type="fig"} and table S1). For PVA samples annealed for 1, 30, and 60 min, the increase in temperature leads to a longer *T*~2,b~, following the order of *T*~2,b.60min~ \> *T*~2,b.30min~ \> *T*~2,b.1min~ in the temperature range of −5.0° to 20.0°C. The motion of the bulk-like water is thermally activated, which follows the Arrhenius activation law$$\tau_{c,b} = \tau_{0,b}\mathit{e}^{\mathit{E}_{A,b}/\mathit{k}\mathit{T}}$$where *E*~A,b~ represents the activation energy and τ~0,b~ is the Arrhenius coefficient ([@R27], [@R51]). *E*~A,b~, which can be extracted from the fitting plots, reflects the formation and breakage of hydrogen bonds between bulk-like interfacial water molecules ([Fig. 4D](#F4){ref-type="fig"}) ([@R27], [@R51]). For PVA samples annealed for 1, 30, and 60 min, *E*~A,b~ is 27.1, 16.6, and 10.2 kJ/mol, respectively. It was reported that the activation energy is \~8.6 kJ/mol for the bulk water of the phosphate-buffered saline aqueous solution ([@R27]); therefore, the variation of the activation energies indicates that bulk-like interfacial water molecules can rearrange themselves into favorable configurations with a lower energy barrier as the density of hydroxyl groups of the PVA films decreases ([@R27]). However, for the ice formation in bulk water, ice nucleation only occurs homogeneously because no foreign interfaces exist.

CONCLUSION
==========

In summary, we investigated the freezing of water droplets atop PVA films with various densities of hydroxyl groups and found that the ice nucleation temperature increases with decreasing PVA hydroxyl group density. This unexpected finding of HIN did not stem from the PVA/water interface morphology, roughness, pore size, viscoelasticity, crystallinity, and hydrophobicity. Because water molecules can penetrate into the swollen PVA film, the interfacial water is interconnective from atop and within PVA films. This study subcategorizes the interfacial water into tightly bound water, bound water, and bulk-like water. The same trend of the HIN temperature (*T*~H~) and the freezing temperature of bulk-like water (*T*~f,b~) indicate the intrinsic connection of HIN of water atop PVA surfaces and the phase change of the bulk-like water within the PVA film. By tuning the density of hydroxyl groups, the ice-nucleating properties of PVA film can thus be controlled. Specifically, a reduced number of hydroxyl groups of the film give rise to more mobile bulk-like interfacial water molecules that can be more easily phase-changed into ice-like structure, thereby triggering the nucleation of a continuous water phase in contact with the film.

MATERIALS AND METHODS
=====================

Sample preparation and characterization
---------------------------------------

PVA \[weight-average molecular weight (*M*~w~) of 31 to 50 kDa; degree of hydrolysis of 98 to 99%; Aldrich\] and PVA (*M*~w~ of 31 to 50 kDa; degree of hydrolysis of 40 to 99%; Kuraray) were purified with Milli-Q water and then precipitated in acetone. The precipitated PVA samples were dried in an oven at 60°C for 48 hours to remove the residual water and acetone. PVA films were prepared by spin-coating PVA aqueous solution (1% weight fraction) onto silicon wafers. The spin-coated PVA (degree of hydrolysis of 98 to 99%) films were annealed at 150.0°C for 1, 5, 10, 15, 30, 45, 60, 90, and 120 min. After the different thermal cross-linking processes, the variation of the C:O ratio, which reflects the density of PVA hydroxyl groups, was determined by XPS. The equilibrium water content of PVA films with different thermal annealing histories was determined by the TGA and weighing method. The thickness of the as-cast PVA films was about 13 nm and was detected with an ellipsometer. The surface morphology and roughness were characterized by AFM. The surface wettability was characterized by measuring the static, advancing, and receding contact angles. The crystallinity degrees of PVA ultrathin films were obtained from attenuated total reflectance FTIR (ATR-FTIR) spectroscopy. The interfacial water structure in the bulk of the film was detected with conventional FTIR absorption spectroscopy. FTIR difference spectra of different PVA surfaces were obtained under a relative humidity of 98% against the same surface under a relative humidity of 0%.

Water freezing procedure
------------------------

The HIN temperature (*T*~H~) and freezing delay time (*t*~D~) were investigated using an optical microscope coupled with a high-speed camera (Phantom v7.3) when all the samples were placed inside a closed cell atop a cryo-stage (Linkam THMS600). The temperature resolution is 0.1°C, and the time resolution is 1.0 ms, i.e., 1000 frames/s, respectively. *t*~D~ of ice nucleation, which is defined as the time interval between the time when the surface reached an object temperature and that when the freezing happened, was measured at different supercoolings in sealed cells with a relative humidity of 100% ([@R6]). All the results of *T*~H~ and *t*~D~ are the mean of more than 200 independent freezing events for each PVA surface, and the error bars are the SEM. The distribution of *T*~H~ was also consolidated by Student's *t* test when appropriate.

DSC measurements
----------------

The crystallization and subsequent melting behaviors of water inside different annealed PVA films were performed on a calorimeter (PE DSC8000) under nitrogen atmosphere at a cooling/heating rate of 20.0°C/min. The heat flow and temperature were calibrated by pure indium before the experiments. To avoid the influence of free water on the PVA film surface, the shells of the PVA films were peeled off, leaving the core for testing. The relative amount of bulk-like water (*f*~b~) can be calculated as $\frac{\mathit{W}_{m,b}}{\mathit{W}_{m,a} + \mathit{W}_{m,b}} = \frac{\Delta\mathit{H}_{m,b}}{\Delta\mathit{H}_{m,a} + \Delta\mathit{H}_{m,b}}$, where *W* is the amount of water and Δ*H* is the enthalpy of ice melting.

NMR measurements for water in different annealed PVA samples
------------------------------------------------------------

The proton spin-spin relaxation time (*T*~2~) measurements of water in different annealed PVA films were carried out on a Bruker AV600 NMR spectrometer using the Carr-Purcell-Meiboom-Gill pulse sequence. A spacing of 1.2 ms between the 90° and 180° pulse was used, and a relaxation delay of five times of the spin-lattice relaxation time between consecutive scans was necessary to ensure full recovery of the magnetization between acquisitions. The annealed PVA films were rolled and stuffed in the NMR test tube, which was filled with H~2~O and D~2~O (volume ratio of 1:1). All the *T*~2~ relaxation behaviors for the water proton were fitted with a biexponential decay curve. *T*~2~ of water was also measured as a function of temperature in a wide range from −10.0° to 20.0°C.
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Fig. S1. C1s regions of XPS data for different polymeric monomer structures.

Fig. S2. The C:O ratios detected by XPS on the surface and in the bulk of PVA film.

Fig. S3. The contact angle of samples annealed for different times at room temperature.

Fig. S4. The contact angle of samples annealed for different times at −20°C.

Fig. S5. The surface morphology of PVA films detected by AFM.

Fig. S6. The surface morphology of PVA films detected by AFM in aqueous solution.

Fig. S7. The Brunauer-Emmett-Teller results of PVA film annealed for 1, 30, and 60 min.

Fig. S8. Data of the changes of frequency (Δ*F*) and dissipation (Δ*D*) of PVA samples with annealing times detected by QCM-D.

Fig. S9. The average surface roughness (*R*~a~) of PVA films with different annealing times.

Fig. S10. Thickness of PVA films with different annealing times.

Fig. S11. The degree of crystallinity of PVA ultrathin films.

Fig. S12. Freezing process of individual water droplet on PVA surfaces.

Fig. S13. AFM images of samples annealed for 0, 1, and 5 min before and after droplet freezing experiments.

Fig. S14. *T*~H~ of water droplets on PVA samples with different cooling rate.

Fig. S15. *T*~H~ of water droplets on PVA samples with different thicknesses and molecular weights.

Fig. S16. *T*~H~ of water droplets on PVA samples with different degrees of hydrolysis.

Fig. S17. *T*~H~ of water droplets on PVA before and after peeling off the top surface.
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Fig. S19. FTIR investigation of water molecules inside the PVA films.

Fig. S20. DSC melting curve of pure water.
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Fig. S22. The plot of ln*E*~*t*~ versus *t* based on the single exponential function.
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